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1.0 PROBLEM STUDIED

The nonlinear mixing of surface acoustic waves on a piezoelectric
semiconductor is affected by the presence of band gap light. The
importance of this phenomenon is that a change in optical wavelength
of as little as ten angstroms has been observed to produce an output
signal variation as large as 40 dB at room temperature.(]’z)

There are relatively few phenomena in nature which exhibit such
narrow linewidths and large amplitude fluctuations at room temperature.
During the past two years, we have been investigating the photoenhance-
ment effect in order to 1) understand its underlying physics and 2) to
extend the effect to longer optical wavelengths. This research was

performed under contract numbers DAHCO04-75-C-0015 and DAAG29-75-C-0015

with the U.S. Army Research Office.

2.0 SUMMARY OF PRINCIPAL RESULTS

The principal result of our investigation up to the present is that

we have shown the important role played by traps and impurity levels in

(2)

the photoenhancement effect in zinc oxide. We have done this by a

novel application of classical transport measurements, i.e., thermally
stimulated current measurements, combined with photoenhanced surface

accustic wave convolution studies done as a function of varying tempera-

(2)

ture.

As a result of the low temperature work, we were able to exclude the

(1)

exciton resonance enhancement mechanism as the explanation of the

(2)

photoenhancement effect in zinc oxide. A different model was introduced

in which photoenhanced convolution in zinc oxide results from a nonlinear
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interaction between photostimulated carriers and piezoelectric surface
waves coupled through the electrical conductivity of the crystal. The
variation in photoenhancement with photon wavelength is then the result
of corresponding variations in photoconductivity.
At this point in our work, we decided to abandon zinc oxide in favor
of gallium arsenide as it is both a cleaner material and has a narrower
bandgap. Convolver experiments, thermally stimulated current measurements,
and photocurrent spectra were obtained on samples of semi-insulating and
n* gallium arsenide grown at Rockwell International. The sulfur doped n* layer

18 and was

was 1.1 u thick, with a carrier concentration of about 3x 10
grown on a Cr-doped semi-insulating gallium arsenide substrate by vapor

phase epitaxy. Figures 1,2, and 3 show, respectively, the thermally

. stimulated current for the semi-insulating material and the thermally
stimulated current and photoconductivity spectrum for the n* epilayer
material.

Surface wave convolution studies were performed on 20 mil thick (001)
wafers of these materials. The input wavelength was 72 u (38.8 MHz) and
propagation was along the (110) direction. After matching the input and
output, the 77.6 MHz 2 w convolution signal was observed at the metal
center plate in direct contrast with the crystal surface. However, it
was found that the 2 w convolution signal in both the Cr-doped and nt
epilayer GaAs samples was insensitive to bandgap light both at room
temperature and at 77°K.

As can be seen from Figures 1,2, and 3, there is some photoconductivity,
particularly in the nt epilayer material, even though no photoenhancement

was seen. We explain this as follows. The open circuit rms output voltage

(3)

across the convolver center plate is given by
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Vo= (1/M)M(P,P,)* (1)

where W is the width of the center plate, P] and P2 are the acoustic input
powers, and M is the convolver nonlinear coupling constant(3) which must

be either experimentally determined or theoretically calculated on the

basis of a physical model.(4’5) In writing (1), we assume that the inter-
acting surface waves just fill the entire area under the center plate.

The coupling constant M is the sum of two terms, one due to the nonlinear
piezoelectric effect which is independent of light, plus another term due

to space charge nonlinearity. This term is light sensitive and is associated

with the photoenhancement effect.

. nonlinear (space charge)
e (piezoelectric coupling) i nonlinearity (2)

For operation at 38.8 MHz (the conditions of our experiment), the maximum
value of the space charge nonlinearity term in (2) occurs for a substrate

resistivity of about 1000 ohm-centimenters (see Fig. 4),(4’5)

whereas for
Cr-doped GaAs the substrate resistivity is about 109 ohm~cm and for the
n+ epilayer sample it is about 10'3 ohm-cm. It just happens that in both
cases the actual resistivity is six orders of magnitude away from the
optimum value. It is clear from the space charge nonlinearity theory of

convo]ution(4’5)

that an order of magnitude change in resistivity for

fixed acoustic input frequency corresponds to a change in M (space charge)
of about an order of magnitude. Since the maximum value of M for a 38.8 MHz
input frequency occurs for a 1000 ohm-cm substrate resistivity, the actual
value of M attained for the Cr-doped and n" GaAs substrates must have been

about six orders of magnitude less than the optimum M value. For GaAs the
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optimum value of M, MOPT is on the order of 10'3 volt-meter/watt.(4’5)

Consequently, in our experiments the space charge nonlinearity part of

9

M must have been around 107 volt-meter/watt. Even if the effect of

bandgap Tight increased this value of M a hundred fold, it would still

7

only be 107" volt-meter/watt. Our experimental set up is not able to

measure M values smaller than about 10—6 volt-meter/watt, so our failure

to observe the photoenhancement effect for a 38.8 MHz input frequency

9

on 10° ohm-cm and 10-3 ohm-cm GaAs is understandable.
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4.0 FIGURE CAPTIONS

Figure 1 Thermally stimulated conductivity and photoconductivity

measurements on Cr-doped GaAs.

:‘ Figure 2 Thermally stimulated conductivity and photoconductivity

for n+ epitaxial GaAs on a Cr-doped substrate.

Figure 3 Photocurrent Spectra at 77°K for n* epitaxial GaAs on

a Cr-doped substrate.

Figure 4 Convolver M value versus input frequency. Conductivity
o (ohm-mtr‘)'1 is a parameter. The curves are for a

degenerate GaAs convolver with the metal center plate

on the surface (h=0) of the crystal.
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Temperature and wavelength dependence of the
A H *

photoenhancement of nonlinear surface-wave convolution

T. C. Lim, E. A. Kraut, F. J. Morin, and J. R. Oliver

Rockwell International, Science Center, P. O. Box [08S, Thousand Oaks, California 91360

(Received 3 June 1976)

Temperature-dependent structure in the photoenhancement of nonlinear surface-acoustic-wave convolution

on ZnO is reported. Measurements of the temperature dependence of surface-wave convolution without

light, thermally stimulated conductivity, and photoconductivity suggest that the photoenhancement effect in

ZnO is sensitive to trapping and surface preparation. A possible model for the dependence of

photoenhancement on photon wavelength is proposed.

PACS numbers: 78.20.Hp, 72.40. +w, 85.60.Me

f
| Recently, we reported that photoenhancement of the ZnO crystal was supplied by Airtron, Inc. Dark resis-

convolution output of a2 ZnO degenerate surface-acous- tivity exceeded 10" Qcm. Crystal dimensions were 3
tic-wave (SAW) convolver exhibits maxima and minima cm long X 8 mm wide and 1 mm thick. The normal to
as a function of photon wavelength.! Wavelength-depen- the 3x0.8 cm lapped surface of the crystal was within
dent structure in convolution output appears to be relat- 1° of the crystal ¢ axis. The electrical operation of the
ed to wavelength-dependent structure in optical absorp- convolver and dimensions of the input transducers and
tion and reflectivity.®™® center plate are similar to Ref. 1. In the present ex-

perimental arrangement the convolver is mounted on a

cold finger in a liquid-nitrogen Dewar equipped with a

quartz window and internal heater. The input trans-
The configuration of the convolution device is similar ducers and the center plate are matched to 50 2. By

to Fig. 1 of Luukkala and Kino." The lithium-doped using a monochromator (resolution of about 8 i) to vary

the wavelength of the incident light, the spectral re-

sponse shown in Figs. 1 and 2 was obtained.

Similar results have been reported in GaAs® and Cds’.
This letter presents further data on ZnQO.

T T T T 7NC oxioE |
—3733A OHO IENMANCEMERT |
|

. 5
102.5°K  puOTON WAVELENGTH

E 7
2 :
z ¢
z <
L g
g i .:
B } =
= { 5 |
El | S |
2 { E |
- 1 2 ‘
= |
} 2
= 30034~
] 2%
|
{
|
i
i {
|
i
| |
t
{
| |
i
| /
59 3 ). 41 4 | /
ABVELENGTH 'MICAONS) - I j
FIG. 1. Photoenhanced SAW convolution output vs photon AVELENE 8
wavelength. Incident light flux decreases from 21 x10!!
photons ‘em’ sec at 0. 42 u to 12 x10'* photons em® sec at FIG. 2, Photoenhanced SAW convolution output vz photon {
0.36 u, wavelength (relative scale).

229 Applied Physics Letters, Vol. 29, No. 4, 15 August 1376 Copyright © 1976 American Institute of Physics 229




|
|
|
|
|

Z 0

z

z

s -

3

x

<

2 X0

<

z

=)

=

3

=

S

<

g 20 —

2

2 -

>

Z

g

z

E 0

2 1 L I 1 | L

H § 7 3

1000/7 " -

FIG. 3 Thermally stimulated SAW convolution output for ZnO
in the dark vs reciprocal temperature.

The effect of temperature on convolution output with-
out light was also determined. The convolver was
cooled to liquid -nitrogen temperatures and the traps
filled by illumination with band-gap light. The convoiver
was then slowly heated in the dark. The thermally
stimulated convolution output (Fig. 3) and the photo-
enhanced convolution output (Figs. 1 and 2) exhibit
maximum amplitude in the same temperature range.

Photoconductivity, thermally stimulated conductivity
(TSC), and decayed TSC measurements were made on
lithium ~doped ZnO crystals under three separate con-
ditions; lapped surface, etched surtface, and surface
etched after oxidation at 700 K. Figure 4 shows the
results for the case of a lapped ZnQ surface with no
prior treatment. The activation energies determined
from the decayed TSC data’ are shown in Fig. 4. The
photoconductivity and thermally stimulated conductivity
change rapidly in the temperature range between 143
and 180°K. The same is true for the photoenhanced and
thermally stimulated convolution outputs. The activa-
tion energies in Fig. 4 show that the lapped lithium -
doped ZnO sample contains many shailow traps about
0.04 to 0.05 eV below the conduction band edge. The
shallow traps may be interstitial lithium donors, Yor
neutral zinc interstitials, or neutral oxygen vacan-
cies. '™ In all three cases, lapped surface, etched
surface, and surface etched after oxidation, there is an
increase in the recombination rate above 180 K. In
general, the TSC and photoconductivity data for the
lapped and oxidized/etched cases show sensitivity to
surface treatment,'* A rough estimate of the trap density

230 Appl. Phys. Lett., Vol. 29, No. 4, 15 August 1976
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shows it to be the range from 10'7 to 10** depending on
surface preparation,

The experimental results suggest that photoenhanced
convolution in ZnO results from a nonlinear interaction
between photostimulated carriers and piezoelectric
surface waves coupled through the electrical conductiv-
ity of the crystal. The existence of maxima and minima
in photoenhanced convolution as a function of photon
wavelength may be the result of corresponding structure
in the photoconductivity. An increase in the surface
recombination rate relative to the bulk recombination
rate is sufficient to produce a maximum in the photo-
conductivity.'® For wavelengths shorter than that cor-
responding to the photoconductivity maximum, the pho-
toconductivity decreases because more photons are
absorbed in the surface region where the recombination
rate is high and the carrier lifetime is short. Oscil-
latory structure in the optical absorption edge as a
function of photon wavelength can give rise to additional
structure in the photoconductivity. For each wavelength
corresponding to an optical absorption peak, the depth
of penetration of the photon into the crystal is small.
Consequently, the corresponding photocarriers generat-
ed have short lifetimes and are associated with low
photoconductivity. When optical absorption peaks are
associated with excitons, then collisions with optical
phonons or interactions with recombination centers may

33— =
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activation energies are determined from TSC curve slopes.
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cause excitons to disintegrate and contribute to the
photoconductivity. '®

We have not attempted a quantitative comparison of
the peaks in Figs. 1 and 2 with exciton wavelengths
since the optical properties of ZnO have not been mea-
sured at the same temperatures as the photoenhance-
ment. The observed 40—50 A separation between the
peak near 3700 A and the peak near 3750 A over the
measured temperature range is not inconsistent with the
separation between the C exciton (E(/C) and the A and
B excitons (E L C).*" Since at 77°K, the A and B exci-
tons are only about 8 A apart,? it is not surprising that
they are not resolved in the photoenhancement experi-
ment. In the latter experiment the incident light was
directed parallel to the C axis and therefore corre-
sponds to the electric field being perpendicular to the
C axis. This is consistent with the amplitude ratios of
the short- and intermediate-wavelength peaks in Figs.
1 and 2. The peak near 4000 A might be associated with
a bulk electron trap near 0.3 eV in Fig. 4 and reported
at 0.29 eV below the conduction band edge in lithium-
doped ZnO by Seitz and Whitmore. °

The model we propose is based on an assumed dif-
ference between the bulk and surface recombination
rates for ZnO. The bulk traps are mainly shallow traps
in thermal equilibrium with the conduction band and
associated with multiple trapping. The surface traps
correspond to a high concentration of charged lattice
defects such as might be produced by surface damage.

3 Applied Physics Letters, Vol. 29, No. 4, 15 August 1976
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The surface traps will be deep ones. ' They will not
be in thermal equilibrium with the conduction band and
will therefore explain the assumed increase in surface
recombination rate relative to the bulk.

*Work supported by the U.S. Army Research Office.
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Wavelength dependence of the photoenhancement of nonlinear

surface-wave convolution

T.C. Lim, T. Wolfram, E.A. Kraut, and S.K. Sinha*

North American Rockwell Science Center. Thousand Oaks, California 91344

(Received 27 November 1972, in final form 30 January 1973)

The wavelength dependence of the photoenhancement of surface-wave convolution on piezo-
electric ZnO exhibits peaks which correspond to the exciton transitions observed in optical
reflectivity and absorption experiments, A possible model for “exciton resonance enhance-

ment” of nonlinear elastic~wave interactions is proposed.

In recent publications, "% some of the present authors
(T.C.L. and E. A.K.) and their co-workers estimated
the magnitude of the nonlinear coupling constant of the
acoustic surface-wave convolver for various piezoelec-
tric semiconductors and piezoelectric insulators. Re-
cently, Turner et al.® have observed an enhancement
in the convolution output when a beam of light was shin-
ing on the center plate of a CdS degenerate convolver.

In this letter, we report on a study of the wavelength
dependence of photoenhancement of convolution and
second-harmonic generation on ZnO and propose a new
mechanism, that of “exciton resonance enhancement”,
to explain the observed structure.

The configuration of the convolution device is similar

to that shown in Fig. 1 of Luukkala and Kino, * but the
ground plate is tilted 3~ with respect to the center plate
of the top surface so that mechanical resonance of the
crystal does not occur. Two acoustic surface waves of
frequency ws are injected at opposite ends of the crystal
by means of interdigital transducers. These transducers
have a wavelength of 104 um, an aperture width of 1 mm,
and 15 finger pairs and are pretuned by external induc-
tors to give an insertion loss (w to w) of about 22 dB.
The input electrical power to those transducers is about
100 mW. The dimensions of the center plate are 3.75
mm wide and 15 mm long, and the crystal thickness is
about 1 mm. The crystal used is ZnO, and the plane of
propagation is in the basal plane. For the dimensions
used on the center plate, the measured capacitance (at

7 MHz) is 10 pF, and a series inductor of about 1 uH is
used to tune out the capacitance of the center plate.

The unenhanced convolution output of the device is shown
in Fig. 1(a). With a light source of wavelength (3771 A)
near the band-gap energy of ZnO shining vertically on
the edge of the center gold plate, the convolution output
is increased by about 17 dB for an input of about 7.6
<10™ photons 'cm®sec as shown in Fig. 1(b). The ex-
periments were performed at room temperature

(=300 K).

By using a monochromator (resolution of about 8 A to
vary the wavelength of the incident light, the spectral
response shown in Fig. 2 was obtained. The output is
normalized to the input optical density. [, is the cur-
rent which is due to the photoenhancement. 4, is the
current due to electroanharmonicity in the absence of
light. The peak in I;, labeled C occurs at 0.377 um,
and that labeled A, B occurs at 0.384 um. The peaks in
I, were observed to depend on the polarization of the
light relative toc the ¢ axis (normal to the surface! of th
crystal. The peak labeled C in Fig. 2 was maximum
with the electric fieid of the light parallel to the ¢ axis
E ¢), and minimum with polarization perpendicular to
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the ¢ axis (Eic). We also observed a similar enhance-
ment of the second harmonic with light incident on the
surface at the gap between the transducer and center
plate.

The dependence of the enhancement of the convolution
output on the optical intensity shown in Fig. 3 was ob-
tained by attenuating the incident light with a set of
calibrated neutral -density filters. Additional experi-
ments measuring current versus voltage and capacitance
versus voltage across the center plate showed no effect
due to the light.

The convolution output or the nonlinear polarization
voltage with no illumination depends on the contribution
from the electroanharmonic constants. The mechanism
of such a convolver has been explained by Kraut ¢t al.?
However. with near-band-gap illumination our result
indicates that the nonlinear polarizability makes non-
negligible contributions due to the electro-optic as well
as the acousto-optic effect.

The experimen:al results suggest that the peaks in the
photoenhancement curve may be associated with the ex-
citons of ZnO. We describe briefly a possible mecha-
nism by which exciton resonance enhancement of the
nonlinear electric field at acoustic frequencies can oc~
cur. It is well known that light scattering by phonons is
enhanced by many orders of magnitude when the fre-
quency of the light is near an electronic transition such
as an exciton transition. The effect is called resonance
Raman®’® and Brillouin™® scattering for light scattered
by optical and acoustic phonons, respectively. Accord-
ing to perturbation theory, the phenomenon resuits from
the enhancement of the nonlinear polarizability due to
intermediate electronic states /virtual transitions) which
produce resonance denominators. The frequency-depen-
dent electro-optic and elasto-optic tensors are directly
related to the nonlinear polarizability and are enhanced
at these optical rrequencies. ™’ In the experiment de-
scribed here the enhancement of the electric field oc-
curs at acoustic frequencies. A class of processes which
produce this type of effect can be derived from the mac-~
roscopic theory of piezoelectrics.

Consider two acoustic waves having frequencies .; and
+, and wave vectors q, and q, and also an opticai elec-
tric fieid E;. The nonlinear polarizability of the medium
produces, by means of the resonance Brillouin effect.
electric fields of the form

= RaswSs EL expitq e qu)er=ilwy e wp)t] (1)

E,\ 212 Wy )
(Einstein summation convention), where Si, are the

strain components of the acoustic waves (i=1,2). The
tensor R involves components of the electro-optic and

Copyright O 1973 American Institute of Physics Ll
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(b)

FIG. 1. Convolution output (a) without illumination and (b) with
illumination of near~band-gap light. (Note the change of verti-
cal scale.)

elasto-optic tensors, both of which are resonantly en-
hanced when w, is near an exciton transition frequency.
In higher order, these two optical fields are mixed
through the electro-optic effect to produce an electric
field of the form

Ey(wy =~ wz)=Re {T,,,,,ws:}‘s‘,i’s’;af expli(@; * qo)r
- i(wy + wy)t]}. (2)

Re indicates the real part of the bracket. The T tensor
involves products of three tensor components (combina-
tion of the electro-optic and acousto-optic constants). If
the acoustic waves are oppositely directed (q,= —~q; and
@y =w,), then we have from Eq. (2) an electric field at
2w, with amplitude linear in the optical intensity and
proportional to the product of the strains of the acoustic
waves. Very near an exciton transition the magnitude of
T will be controlled by the lifetime of the exciton (which
prevents the denominators from vanishing). The sketch
presented here applies to bulk waves, and the extension
to a careful treatment of surface waves is not trivial.
However, the essential idea of exciton resonance en-
hancement at acoustic frequencies remains valid. There

Appi. Phys. Lett., Vol. 22, No. 8, 15 April 1973

e e ~——

SC5027.4FR 422

are other mechanisms for generating nonlinear inter-
actions. In this letter we have not attempted to describe
all possible mechanisms.

According to our model, the structure (Fig. 2) observed
in the wavelength dependence of the enhancement should
correlate with the exciton transitions in ZnO. The ex-
citon spectrum has been studied by Thomas® and more
recently by Park et al., '° Liang and Yoffe, ** and Skett -
rup. ¥ Three strong exciton (n= 1) transitions labeled

A, B, and C were observed. The A and B transitions*!
are excited by light having E L ¢ and occur at about
0.373 um at 300 "K, while the C transition, which oc-
curs at 0.369 um, is excited with E | ¢. Our peaks,
which occur at 0.384 and 0.377, are shifted by about
100 A. The source of these differences is not clear at
this time. The polarization effects are in agreement with
the theoretical interpretation. The broad smaller maxi-
mum may be associated with the continuum of excitons
above the gap or with charge carriers created by the
light. The present experiment suggests that it may be
possible to investigate some aspects of electronic struc-
ture by nonlinear acoustics. The sensitivity to exciton
Structure appears to be excellent.

Additional experiments, in particular the temperature
dependence, are required to fully explore the possible
role of the excitons in the photoenhancement phenomena.
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FIG. 2. Dependence of the photoenhancement effect on the

wavelength of light. [, is the current measured at the center
plate and g, is the optical flux. Peak C corresponds
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Other I1-VI compounds and alloys having strong exciton
bands are expected to display similar structure. In con-
clusion, we would also like to point out that this acousto-
optic interaction may be useful for photodetection.

The authors would like to thank Dr. C.S. Burton for the
use of his optical facilities and his interest in this work.
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Nonlinear Materials for Acoustic-Surface-Wave Convolver

T.C. Lim, E.A. Kraut, and R.B. Thompson
North American Rockwell Science Center, Thousand Oaks, California 91360
(Received 3 September 1971; in final form 18 October 1971)

Acoustic-surface-wave convolution by nonlinear mixing has been observed in cubic, hexago-
nal, and trigonal crystals. The magnitudes of the phenomenological nonlinear surface~wave
coupling constants are tabulated and compared with the linear electromechanical coupling
factor 2(AV/V). It has been found that the basal plane of PZT-3 has a larger nonlinear cou-
pling constant than that of the commonly used Y-cut Z-propagating LiNbO;.

Convolution of bulk acoustic waves in piezoelectric give a theory describing the mechanism responsible for
semiconductors and piezoelectric insulators has recent- surface-wave convolution.

ly been demonstrated. ' Similar results have also been

obtained®* with elastic Rayleigh waves and recently Here we report experiments to evaluate the magnitude
Kraut ¢t al.* have extended the work of Kirkwood® to of the nonlinear coupling constants. The geometry is

18 Appl. Phys. Lett., Vol. 20, No. 3. | February 1972
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FIG. 1. Convolver configuration.

similar to the solid-center-plate configuration of Luuk-
kala and Kino® and is shown in Fig. 1. A pair of oppo-
sitely propagating acoustic surface waves of peak strain
amplitude S,(¢) and S,(¢) and frequency w interact in a
strong piezoelectric crystal to produce an output voltage
at 2w across the center plate which, when tuned by a
series inductance, is given by®

20 =Re[Av exp(i2w?) f“;‘/;z” (D)S,(2t - TV dT], (1)
wheret
w
= €33 l f hankan X3) Lym(x3) dx, (2)

v is the surface-wave velocity, €;, is the rotated dielec-
tric constant (x; is chosen normal to the plate), H is the
crystal thickness, W is the width and [ is the length of
the center plate, C is the capacitance, hm,,,,, is the
rotated nonlinear electroanharmonic constants, * and
R;;(x;) and L;;(x,) are the amplitudes of the strain waves
traveling to the right and left, respectively. These
equations assume that the width of the center plate (W)
is equal to the width of the applied acoustic beam.

It is impossible at present to use Eqs. (1) and (2) to
calculate voltages since a linear combination of several
of the nonlinear electroanharmonic tensor components,
Yi3peems are involved in even the simplest cases and no
unambiguous measurement of these is known to the
authors. In order to evaluate materials we choose to
compare the maximum received signal which occurs
when pulses of equal duration are injected at each input
transducer. The root-mean-square voltage V_,, at the
time of maximum overlap of the input waveforms is
given by

Veme= (1/W)(vt/DM(PP,)Y?, fort<l/v (3)

where P, and P, are the acoustic input power during
constant amplitude pulses of duration ¢, and .V is the
nonlinear coupling constant to be experimentally deter-
mined for any particular orientation. Equation (3) fol-
lows from Eqs. (1) and (2) as may be understood by
noting that when the surface waves fill the area under
the center plate, Eq. (3) reduces to the form
M(PP,)'?/W. The term (1/W)(P,P,)!/* determines the
product of the strain amplitudes of the interacting sur-
face waves, and M is a material constant including the
electroanharmonic constants. Equation (3) applies also
to cases when the sound beam does not fill the region
under the center plate since the plate has been experi-
mentally demonstrated to average the driving signal
under its area. Decreasing the pulse length of constant
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AND THOMPSON

$C5027.4FR
CRYSTAL
e
el -0

+
)
O
w
13
VAA—
o

FIG, 2. Equivalent circuit of the convolver.

peak power pulses decreases the output since the con-
stant amplitude wave occupies less area. Hence the
factor vt/l appears. As the width of the input acoustic
beam is decreased, keeping the input power constant,
the strain amplitudes must increase within the reduced
mixing area. Thus Eq. (3) is independent of the width of
the input acoustic beams. It follows from Eqs. (1) and
(2) that M in Eq. (3) is a material constant characteris-
tic of the particular orientation of a particular crystal.

To determine V .., the tuned output of the convolver,
we have used a series inductance L to resonate the ca-
pacitance and observed the voltage across a 50-Q load.
Measurements have been made on cubic (Bi;;GeO,,),
hexagonal (ZnQ, PZT-8), and trigonal (quartz, LiNbQ,)
crystals. The surface waves on PZT-8, LiNbO,,
Bi;;GeO,, and ZnO were excited by 15-finger-pair 104-
u-wavelength interdigital transducers of 1-mm aper-
ture. For quartz, a 30-finger-pair 70-1-wavelength
transducer of 3.3-mm aperture was used. In all cases,
the center plate was 3.3 mm wide and 15 mm long. The
frequency of the convolution output {2w) ranged from 30
to 90 MHz. This frequency is low enough for the lumped
equivalent circuit of Fig. 1, as shown in Fig. 2, to be
reasonably applicable but high enough so that the effects

TABLE I. Magnitude of the linear and nonlinear coupling
constants for various crystals.

Materials Plane Direction M Av'vV AV Y
(10%) (Vm, W) Refs,
PZT-8 Basal All 4.95x10%  For PZT-4 a
242x 104
LiNbO; Y cut z 1.21x10™ 246x107 b
Bi{;GeO,y (001) (110) 1.02x10" 66 x 104 ¢
ZnO  Basal All 2,46x10° 44x10 d
Quartz Y cut X 3. 3%10% 11 10 b
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of higher harmonics of the elastic plate resonances can
be neglected.

The measured results are given in Table I. 2(AV/V) in
this table corresponds to the linear electromechanical
coupling constant® of the material. It can easily be seen
that the basal plane of PZT-8 has a higher nonlinear
coupling constant which is about four times larger than
that of the commonly used Y-cut Z-propagating LiNbO;.
From the table it is interesting to find that the magni-
tude of the nonlinear coupling constant agrees well with
the trend of the linear electromechanical coupling, that

is, crystals which have a strong linear coupling con-
stant also possess a strong nonlinear coupling constant.
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